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Abstract  14 
This study evaluates the technical feasibility of a pilot treatment train of ultrafiltration, reverse 15 
osmosis (RO), and multi-effect distillation (MED) for coal seam gas (CSG) produced water 16 
treatment. A total of 12,000 L of CSG produced water was processed from the Gloucester Basin 17 
in New South Wales (Australia). The results demonstrate the technical feasibility to obtain an 18 
overall clean water recovery of 95% and a final brine containing mostly sodium bicarbonate up 19 
to of 48 g/L. Stable operations of the pilot RO and MED systems at 76 and 80% recovery, 20 
respectively, were achieved. The results show that anti-scalant addition could effectively prevent 21 
scaling during MED operation. Mass balance analysis and analytical measurement suggest that 22 
precipitation of calcium, magnesium and silica might have occurred. Indeed, mineral deposition 23 
on the sight glass of the MED evaporative chamber became visible after 3 days of continuous 24 
operation. However, no evidence of mineral precipitation or scaling could be observed on the 25 
evaporative tubes of the MED system. In addition, the mineral deposition on the sight glass was 26 
completed removed by chemical cleaning at the end of the pilot evaluation program. The 27 
obtained RO permeate and MED distillate were of high quality and could be blended with UF 28 
filtrated CSG produced water for irrigation to reduce the treatment demand.  29 
Keywords: Coal seam gas (CSG) produced water, reverse osmosis (RO), multi-effect distillation 30 
(MED), brine minimisation, and scaling.  31 
3 
1 Introduction 32 
Coal seam gas (CSG), which is also known as coal bed methane (CBM), is a form of natural gas. 33 
CSG is essentially methane and can be used in the same way as conventional gas. Unlike coal 34 
and petroleum oil, the global distribution of CSG is geographically dispersed. Significant CSG 35 
reserves have been identified in Australia, Canada, China, Eastern Europe, India, and the USA 36 
[1-3].  37 
As a notable example, Australia has seen some of the most significant CSG developments in the 38 
world [4]. Australia is on track to become the world’s largest liquefied natural gas (LNG) 39 
producer by about 2018 [2]. It is estimated that 70% of the global LNG capacity under 40 
construction is taking place in Australia to tap into its vast CSG reserve [2]. CSG also plays an 41 
important role in the domestic market. CSG is expected to supply at least 30% of the Australian 42 
domestic energy market by 2030. CSG developments in New South Wales and Queensland will 43 
potentially contribute 78% of natural gas reserves in the eastern states [5]. 44 
Electricity generation from natural gas emits significantly less greenhouse gases and air 45 
pollutants than coal. According to the US EPA Emissions & Generation Resource Integrated 46 
Database, natural gas produces only 50, 33, and 1% of carbon dioxide, nitrogen oxides, and 47 
sulfur oxides at the power plant, respectively, compared to coal-fired electricity generation. Thus, 48 
CSG is expected to play a major role in the global energy mix to lessen the impact of fossil fuel 49 
on global warming and the environment while renewable energy is being developed [2]. 50 
CSG exists in almost all underground coal seams (typically 300–600 m below the surface) where 51 
it adsorbs to coal matrix and is held in place by water pressure. Groundwater extraction is 52 
required to depressurise the target coal seams and allow CSG to flow to the surface. Thus, CSG 53 
extraction usually involves the co-production of water, known as CSG produced water [6].  54 
CSG produced water is essentially saline groundwater. The actual composition and volume of 55 
CSG produced water varies greatly from one region to another [3, 7]. In Australia, CSG 56 
produced water consists predominantly of sodium, bicarbonate (HCO3
-
), and chloride. Due to the 57 
high salt content, direct discharge of CSG produced water to inland water bodies may entail a 58 
range of adverse effects to the environment [1, 8]. For example, because of the high sodium 59 
content, the use of untreated CSG produced water for irrigation can lead to a gradual decrease in 60 
the permeability of soil, eventually causing infiltration problems and other form of soil 61 
degradation [9]. 62 
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The state-of-the-art technology for CSG produced water management currently includes pre-63 
treatment (e.g. coagulation, pH adjustment, ultra- (UF) or micro filtration) and reverse osmosis 64 
(RO) [4, 6, 10]. RO can achieve about 75% water recovery, depending on the salinity (hence 65 
osmotic pressure) and the fouling potential of the CSG produced water. RO also produces a 66 
volume of even more concentrated CSG produced water called brine [11]. RO brine is a major 67 
challenge for the sustainable produced water management in the CSG industry [6]. In Australia, 68 
this RO brine is usually stored in evaporation ponds. However, the use of evaporation ponds is 69 
costly and is only a temporary measure. For new developments the use of evaporation basins is 70 
unlawful in most states unless there are no alternative solutions. Given the possible leakages of 71 
the brine into the environment, regulators in Australia have actively encouraged the CSG 72 
industry to phase out the use of evaporation ponds for CSG RO brine storage [4]. This policy has 73 
encouraged several recent attempts to develop techniques to reduce the volume and/or to 74 
beneficially extract the minerals from CSG RO brine [4, 12, 13]. A noteworthy example is the 75 
recovery of soda ash from the CSG RO brine, which is being developed by Penrice (Penrice 76 
Soda Holdings Limited, Australia) in collaboration with GE (General Electric, Australia) and 77 
QGC (QGC Pty Limited, Australia). Another possibility is to use the sodium rich brine as 78 
feedstock to profitable generate sodium hydroxide by membrane electrolysis [14]. Both of these 79 
approaches require the CSG RO brine to be further concentrated to as close to saturation as 80 
possible to reduce downstream processing cost. Given the high osmotic pressure and scaling 81 
potential of CSG RO brine, the use of several thermal separation processes such as multi-effect 82 
distillation (MED) and membrane distillation to undertake this additional concentration step have 83 
been suggested in the literature [3]. These processes consume primarily thermal energy and thus 84 
they can be readily integrated with a solar thermal collection system. Indeed, solar-assisted MED 85 
systems for seawater and brackish water desalination have been demonstrated in several recent 86 
studies [15, 16]. However, to date, the technical feasibility of MED to further concentrate CSG 87 
RO brine has not been systematically investigated either at laboratory or pilot scale level. 88 
This study aims to evaluate the use of UF, RO and MED at pilot scale level for CSG produced 89 
water treatment with respect to process stability and scaling potential. In addition, permeate, 90 
distillate and brine chemistries as well as possible process optimisations were reported and 91 
discussed. 92 
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2 Materials and Methods 93 
2.1 Pilot treatment train 94 
The pilot treatment train consisting of UF pre-treatment, RO filtration, and MED used in this 95 
study is shown in Figure 1. The UF and RO systems (Figure 1b) were constructed by OsmoFlo 96 
(Adelaide, SA, Australia) specifically for pilot evaluation purposes and were housed in a 20 ft 97 
shipping container. The UF system consisted of two hollow fibre polyacrylonitrile UF membrane 98 
modules (Ultra-Flo U860 Cartridge), each with a total membrane surface area of 96.6 m
2
. The 99 
UF membrane had a nominal pore size of 25 nm and permeability at 20 C of 93 L/m
2 
hbar. The 100 
RO system was equipped with three 4-inch brackish water membrane modules (AG4040FM, 101 
General electrics, USA), each with an active membrane surface area of 23.7 m
2
. The nominal 102 
NaCl rejection and water permeability of the RO membrane was 99.5% and 3.09 L/ m
2
hbar (at 103 
25 C and 2 g/L NaCl), respectively. Two cartridge filters (2 x 20” BB) with pore size of 1 µm 104 
were installed before the RO membrane modules for their protection from accidental intrusion of 105 
small objects or suspended solids to the feed reservoir. This is the standard design in an 106 
industrial RO system.  107 
The pilot MED system (Figure 1c) was designed and constructed by Sasakura Engineering Co., 108 
(Osaka, Japan). It consisted of a heating chamber, an evaporating chamber, and a condenser. The 109 
system was equipped with a supervisory control and data acquisition (SCADA) system, and thus, 110 
was fully automated. 111 
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 112 
Figure 1: (a) Process diagram, (b) the pilot UF and RO system, c) the MED system. 113 
2.2 Experimental protocol 114 
CSG produced water was collected and used immediately from a pilot gas well in the Gloucester 115 
Basin located along the lower north coast of New South Wales (Australia). The produced water 116 
was from a gas well known as Waukivory 03, which was being flow tested to assess gas 117 
production and the variability in produced water quality [17]. This CSG gas field is in a coal 118 
basin, generally described as part of the Hunter Coalfields or the Northern Sydney Basin [18]. 119 
The UF system was operated in the dead end mode. Each filtration cycle consisted of 17 minutes 120 
of production, followed by 40 seconds of air scouring and 30 seconds of back-flushing. The 121 
trans-membrane pressure of the UF was below 0.55 bar to prevent any irreversible membrane 122 
blocking. An industrial grade anti-scalant (Osmotreat, Osmoflo, Adelaide, SA, Australia) was 123 
added to the UF filtrate to obtain 5 mg/L prior to RO filtration. The feed flow rate to the RO 124 
system was 1 m
3
/h and the transmembrane pressure was set at 17 bar to obtain 76% water 125 
recovery, which is comparable to a full scale system typically deployed for CSG produced water 126 




RO (b) (c) 
(a) 
Produced water 
from coal seam 
gas extraction 
UF/RO MED 





The MED system was operated continuously throughout the pilot program. The temperature and 128 
absolute pressure in the evaporative chamber were 70 ± 2 °C and 25 ± 1 kPa, respectively. Two 129 
anti-scalants, namely Belgard EV2030 (BWA, USA) and Accent 1131 (DOW Chemical, USA), 130 
were added to the RO brine to obtain 5 and 10 mg/L each, respectively. The RO brine feed flow 131 
rate to the MED system was 20 L/h
 
and water recovery was set at 80%. This set point was 132 
selected to achieve an overall recovery of 95% from CSG produced water. 133 
At the conclusion of the pilot program, as a precautionary measure, the evaporative chamber of 134 
the MED system was chemically cleaned with 30 L sulfamic acid (0.3 M) followed by 30 L 135 
sodium hydroxide (0.9 M). Each cleaning solution was circulated for 1 hour at 60 C and 136 
followed by a rinsing step using distillate water.  137 
2.3 Analytical methods 138 
2.3.1 Total organic carbon and bicarbonate 139 
Total carbon (TC) and total organic carbon (TOC) was analysed using a Shimadzu TOC/TN-140 
VCSH analyser (Shimadzu, Japan, Kyoto). The TOC measurement was conducted by acidifying 141 
the sample to pH 1.5 using hydrochloric acid and subsequently air sparging for 5 minutes to 142 
remove all inorganic carbon in the form of carbonate. The bicarbonate concentration was 143 
calculated from the measured TC, TOC and the individual sample pH using a Bjerrum plot for 144 
carbonate systems [19].  145 
2.3.2 Anion analysis 146 
The concentrations of anions were determined using an Ion Chromatography system (LC-20AC, 147 
Shimadzu, Japan). The IC system was equipped with a Dionex Ion Pac AS23 anion-exchange 148 
column (Thermo Scientific, USA). The eluent consisted of 4.5 mM Na2CO3 and 0.8 mM 149 
NaHCO3. The sample injection volume and eluent flow rate were 10 µm and 1 mL/min, 150 
respectively. The system was calibrated using standards of 5, 10, 50 and 100 mg/L of each ion.  151 
2.3.3 Cation analysis 152 
An Agilent 7500 CS (Agilent Technologies, Wilmington, DE, USA) inductively-coupled plasma 153 















. The samples were diluted with 2% Suprapur nitric acid. The ICP-MS 155 
was tuned prior to each analysis batch by using a multi-element tuning solution, containing 10 156 
8 
μg/L of Li, Y, Ce, Tl and Co [20]. Triplicate analysis was conducted, and the variations were 157 
always less than 5%.  158 
2.3.4 Other water quality parameters 159 
Silica (SiO2) concentration was measured using a Pocket Colorimeter II (Hach, Colorado, USA). 160 
Samples from RO and MED brine were diluted up to 10 times using Milli-Q water to avoid 161 
possible interferences from the high salinity of the sample. The silt density index (SDI) of the 162 
raw CSG produced water and UF filtrate was measured based on the standard method D4189. 163 
Turbidity was measured using a Hach 2100Qis portable turbidity meter (Hach, Colorado, USA). 164 
Conductivity and pH were measured using an Orion star A325 portable pH/conductivity meter 165 
(Thermo Scientific, USA).  166 
3 Results and discussion 167 
3.1 Water characteristics  168 
The CSG produced water used in this study was slightly brackish (Table 1). Sodium (1,351 mg/L) 169 
and bicarbonate (1,717 mg/L) were the two dominating ionic species in this CSG produced water. 170 
Concentrations of other common cations and anions in this CSG produced water were either very 171 
low or undetectable. In particular, the chloride concentration of 62.2 mg/L is significantly lower 172 
than that reported from other CSG fields in Queensland (Australia) [6]. The concentrations of 173 
calcium and magnesium are also insignificant, possibly due to a hydro-chemical process along 174 
the groundwater flow path and the old age of this produced water (Table 1). The high sodium 175 
adsorption ratio value (SAR) of 89.6 of this CSG produced water renders it unusable for 176 
irrigation without dilution, treatment or chemical amendment. The organic content of this CSG 177 
produced water is very low (1.7 mg/L). Thus, the propensity of organic fouling associated with 178 
this CSG produced water is negligible. The high turbidity (32 NTU) and SDI15 value (6.3) of this 179 
CSG produced water (Table 1) could be attributed to its high iron content. Further details of this 180 
CSG produced water are available elsewhere [17]. It is noteworthy that iron precipitate was 181 
observed a few hours after the CSG produced water was extracted to the surface. When CSG 182 
produced water is brought to the surface, due to the oxidation of ferrous into ferric which forms a 183 
precipitate, the dissolved iron content of the CSG produced water is relatively low. Nevertheless, 184 
the high turbidity and SDI15 value reported here suggest that this CSG produced water cannot be 185 
fed directly to the RO process. Aeration is recommended to ensure complete removal of 186 
dissolved iron prior to membrane filtration.   187 
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Table 1: Characteristics of the CSG produced water. 188 
General characteristics 
Conductivity 4.449 mS/cm 
Turbidity 32 NTU 
pH 8.4 
Total organic carbon 1.7 mg/L 
SAR 89.6 
Silt density index (SDI15) 6.3 









3.2 Water balance of the combined UF-RO-MED treatment train 189 
The overall water balance of this pilot programme is shown in Figure 2. Water recovery of the 190 
UF/RO process was set at 76%. The RO brine was fed to the MED process to obtain an 191 
additional water recovery of 80%, resulting in a total recovery of 95%. The overall treatment 192 
efficiency in term of conductivity removal is also summarised in Figure 2. A total of 12,000 L of 193 
CSG produced water was treated in this pilot study. The performances of the individual 194 
processes in this treatment train are discussed in the subsequent sections.  195 
196 
Figure 2: Water balance of this pilot study. 197 
3.3 Process stability 198 
During the pilot program, no discernible reduction in the water production rate was observed 199 
with the UF/RO and MED process (Figure 3). The automatic air-scoring and backwashing cycle 200 
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10 
UF pre-treatment reduced the CSG produced water turbidity from 32 NTU to less than 0.5 NTU. 202 
However, SDI15 of the UF treated CSG water was only reduced to 4.8. Despite this high SDI15 203 
value after UF pre-treatment, no flux decline was observed with the RO process. Results 204 
reported here suggest that the SDI15 value may not be a suitable parameter to measure fouling 205 
propensity in RO applications for CSG produced water treatment. The results also indicate the 206 
effectiveness of the added anti-scalant to the UF filtrate. 207 























































Figure 3: (a) Permeate flux of the UF and RO system and (b) Feed, distillate and brine flow rate 209 
of the MED system as a function of time. 210 
Operation of the MED system was fully automated.  Except the first day of operation, the flow 211 
rates of the feed (i.e. RO brine), distillate, and MED brine were constant throughout this pilot 212 
testing program (Figure 3b). Results from Figure 3b suggest that the addition of anti-scaling 213 
reagents to the MED feed (i.e. CSG RO brine) could effectively prevent the formation of any 214 
scale on the evaporative tubes. Overall, the results from Figure 3 show that a treatment train of 215 
UF, RO and MED could recover over 95% water from CSG produced water, without any notable 216 
evidence of fouling or scaling.  217 
3.4 Scaling assessment and effectiveness of chemical cleaning 218 
The risk of RO and MED scaling can also be assessed by comparing the analytically measured 219 
concentrations of mineral salts to those obtained from a mass balance calculation. As expected, 220 
the concentrations of all mineral salts in the RO permeate and MED distillate are either 221 
negligible or below the detection limits (Table 2). The measured concentrations of monovalent 222 






 are consistent with values from mass balance calculation. On the other 223 




in the MED brine are 186 and 680% lower, 224 
11 
respectively, than values obtained from mass balance calculation (Table 2). A similar 225 
observation can also be seen with silica. The calculated mass balance of SiO2 closely matches 226 
the measured value during RO. However, there is a significant deficit of 210% of SiO2 during 227 
MED.  228 












UF Filtrate 1165 67 4 14 34 18 
 RO brine  
(76% recovery) 
Mass balance 4832 279 17 58 142 75 
Analytically measured 4450 187 13 39 140 68 
RO permeate  7 0 0 0 0 0 
MED brine  
(80% recovery) 
Mass balance 22238 935 65 195 700 340 
Analytically measured 21242 798 21 154 25 108 
MED distillate 3 0 0 0 0 0 
 230 




, and SiO2 in the MED brine suggests that some precipitates involved 231 
these minerals have been formed. In fact, on the third day of MED operation, some precipitate 232 
deposition was observed on the sight glass (Figure 4). By the end of the pilot testing program, 233 
the entire sight glass was observed with a thin layer of mineral precipitates (Figure 4c). The 234 
formation of a thin layer of precipitate on the sight glass can be attributed to the high affinity of 235 
silica to glass, which also contains a large portion of SiO2 in its chemical composition.  236 
It is noteworthy that no evidence of scaling on the evaporative tubes could be observed when the 237 
evaporative chamber was inspected at the end of the pilot program. This observation is consistent 238 
with the very low concentration of sparingly soluble minerals in the RO brine (Table 2).  239 
Chemical cleaning using 0.3 M sulfamic acid followed by 0.9 M sodium hydroxide was 240 
conducted and the thin layer of mineral deposition on the sight glass was completed removed 241 
(Figure 4d). While scale was not observed in this pilot program, it is prudent to note that scaling 242 
may still develop during an extended MED period of operation. Nevertheless, results reported 243 
here also demonstrate that scaling can be effectively controlled by preventative chemical 244 
cleaning.  245 
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 246 
Figure 4: Mineral deposition on the sight glass of the MED evaporator. (a) at the beginning of 247 
the process, (b) after 3 days of operating the MED, (c) at the end of the process, and (d) after 248 
chemical cleaning using 0.3 M sulfamic acid followed by 0.9 M sodium hydroxide. 249 
3.5 Produced water and brine quality during the process 250 
3.5.1 Total dissolved solids 251 
The total dissolved solid (TDS) content of CSG produced water varies from one coal seam to 252 
another and TDS concentrations from 0.01 g/L up to 300 g/L
 
have been reported. In Australia, 253 
typical TDS concentration of CSG produced water from coal seam range between 1 − 6 g/L
 
[6]. 254 
The TDS of the produced water used in this pilot study was 2.51 g/L and consisted mainly of 255 
sodium and bicarbonate (Table 1). No impact on the TDS concentration by UF was observed in 256 
this study. On the other hand, the rejection of TDS by RO and MED was 94.4 and 100%, 257 
respectively. Therefore, the TDS concentration of the RO and MED brine increased proportional 258 
to the water recovery or concentration ratio (Figure 6). At a water recovery of 74% using RO, 259 
TDS concentration in the brine increased from 2.51 to 9.61 g/L. A further 80% water extraction 260 
by the MED process produced in a final brine solution containing 48.41 g/L TDS, resulting in 261 
the overall fresh water recovery of 95%.  262 
In this study, the conductivity of the raw produced water was 4.449 mS/cm (Table 1), and UF 263 
filtration had no impact on the water conductivity (Figure 5a). RO filtration and MED distillation 264 
(b) Day 3 
(d) After chemical cleaning 
(a) Day 1 
(c) Day 6 
13 
resulted in a stable conductivity rejection of 99.7% and 99.9% throughout the study, respectively 265 
(Figure 5a). Consequently, the increase in conductivity in the RO and MED brine was 266 
proportional to the water recovery (i.e. concentration ratio). It is noteworthy that although the 267 
MED process accounted only in 19.2% of the total process water recovery (Figure 2), it 268 
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Figure 5: Impact of UF, RO and MED treatment on a) conductivity and b) pH of the CSG water brine 271 
over six successive operating days. No data on day 3 were taken. 272 
While UF filtration and subsequent concentration by RO had no impact on pH of the brine, a 273 
significant increase in the pH of the brine solution was observed following the MED process 274 
(Figure 5b). The pH of produced water depends on the ratio of acid and base components in the 275 
solution and therefore, the increase in MED brine pH can be associated to enhanced degassing of 276 
carbon (in the form of CO2) from the brine. Due to the high MED process temperature (i.e. 277 
70 °C), and likely supported by the low vacuum (i.e. 25 kPa), more CO2 can evaporate, which 278 
resulted in a shift of the solution pH towards a more basic condition. By contrast, the absorption 279 
of carbon dioxide, which forms carboxylic acid, to the RO permeate and MED distillate can shift 280 
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the solution pH towards an acidic condition due to the lack of pH buffering minerals (Figure 5b). 281 
Results reported here suggest that post treatment or blending is required to correct the pH of the 282 
RO permeate and MED distillate before beneficial consumption.  283 
3.6 Total organic and inorganic carbon concentration 284 
Similar to all other properties of produced water, the concentration of TOC and bicarbonate 285 
varies depending from basin to basin and from one coal seam to another. Although TOC 286 
concentration in CSG produced water is generally low, their composition is often complex and 287 
their impact on the environment not very well understood [21]. TOC in natural produced water 288 
was found to consist of polycyclic aromatic hydrocarbons (PAHs), heterocyclic compounds, alkyl 289 
phenols, aromatic amines, alkyl aromatics (alkyl benzenes, alkyl biphenyls), long-chain fatty 290 
acids, and aliphatic hydrocarbons [21]. In this study, TOC concentration was as low as 1.7 mg L-1 291 
and was largely unchanged after UF pre-treatment (Figure 6a). In addition, a very low rejection 292 
of TOC was also found by RO. This result indicates that the organic fraction in this CSG 293 
produced water consist of mostly small molecular weight organic compounds, which are readily 294 
permeable through low pressure RO membranes [22, 23]. On the other hand, the MED process 295 
could offer a near complete removal of TOC. Indeed, TOC in the MED distillate was consistently 296 
below the detection limit of 0.3 mg/L (Figure 5a). Unlike the RO process, MED is a phase 297 
separation process, and thus, organic removal is not dependent on their molecular weight. The 298 
results reported in Figure 5a also suggest that the organic fraction of this CSG produced water is 299 
non-volatile.  300 
The bicarbonate concentration before and after UF, RO and MED treatment was calculated first 301 
by measuring the total inorganic carbon (i.e. TC – TOC), then using a Bjerrum plot for carbonate 302 
[19]. At the pH of the raw produced water, UF and RO brine (i.e. pH 8.4), 97% of the total 303 
dissolved inorganic carbon exists as bicarbonate and 3% as carbonate. On the other hand, as the 304 
pH of the MED brine increased to 9.6, the ratio of bicarbonate decreased to 90% in favour of 305 
carbonate. No bicarbonate was found in the RO permeate and MED distillate (Figure 6b). 306 
Consequently, the bicarbonate concentration increased proportional with the water recovery of 307 
the process and eventually reached a concentration of 25500 mg/L in the MED brine. Results 308 
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Figure 6: Impact of UF, RO and MED treatment on a) TOC and b) bicarbonate concentration of 311 
produced water treatment over 6 successive operating days. No data on day 3 were taken. 312 
3.7 Feasibility consideration 313 
Results reported here demonstrate the technical feasibility to achieve a water recovery of 95% by 314 
a combination of UF, RO, and MED treatment process over a sustained period of one week. The 315 
pilot MED system used in this investigation consisted of only one evaporative chamber and was 316 
not equipped with an energy recovery unit. Thus, it was not possible to evaluate the exact energy 317 
consumption of the proposed treatment train. Nevertheless, MED can utilise either solar thermal 318 
or waste heat from CSG compression as the primary energy source. In fact, the integration of 319 
solar thermal collection with MED for brackish water desalination has been reported [24]. Such 320 
solar driven MED system includes parabolic collectors (sun tracking), synthetic oil as heat 321 
transfer fluid and a thermal storage system. In addition, due to the high quality of the produced 322 
purified water, raw CSG produced water (i.e., UF filtrate) could be blended with the desalinated 323 
water to reduce the overall energy requirement and to condition the RO permeate and MED 324 
distillate. It is also noteworthy that the final MED brine obtained in this study contains enough 325 
16 
sodium for the extraction of saleable minerals through membrane electrolysis. According to 326 
Simon et al. [14], a sodium bicarbonate solution of 50 g/L (which is about half its solubility limit 327 
and is comparable to the strength of the MED brine obtained here) can be used as the feed stock 328 
to membrane electrolysis to produce commercial grade sodium hydroxide. Using the final brine 329 
as feedstock for membrane electrolysis could facilitate zero liquid discharge and at the same time 330 
off-set the overall treatment cost from the sale of sodium hydroxide. Overall, the blending ratio, 331 
revenue from saleable clean water and sodium hydroxide, and the availability of waste heat and 332 
space for solar thermal collection will influence the operating cost of the proposed treatment 333 
train. Although it is not possible to obtain a detailed economic analysis from the results 334 
presented here, these factors can significantly off-set the total cost of CSG brine management. 335 
4 Conclusion 336 
The obtained results demonstrate the technical feasibility to treat CSG produced water by a pilot 337 
treatment train of UF, RO, and MED and achieve 95% water recovery over a sustained period. In 338 
total, 12,000 L of CSG produced water was treated by the proposed treatment train. No evidence 339 
of scaling and process instability associated with the RO or MED processes could be observed. 340 
Indeed, detailed inspection of the evaporative chamber of the MED at the end of the experiment 341 
confirmed the absence of any precipitates on the evaporative tubes. Nevertheless, mass balance 342 
analysis and analytical measurement suggest that the precipitation of calcium, magnesium and 343 
silica might have occurred. Indeed, mineral deposition on the sight glass of the MED evaporative 344 
chamber was visible after 3 days of continuous operation. It is noteworthy that the mineral 345 
deposition on the sight glass was completed removed by chemical cleaning at the end of the pilot 346 
evaluation program. The desalinated water can be blended with the UF filtrate to reduce the 347 
overall energy requirement of CSG produced water treatment and condition the RO permeate 348 
and MED distillate for beneficial reuse. 349 
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